T HE high-angle-of-attack aerodynamics of a symmetric body under symmetric flight conditions is a problem of both academic interest and practical significance because the symmetric body can produce an asymmetric flow, and hence experience a side force that directly affects the maneuverability of an aircraft or missile. A great deal of experimental, theoretical, and computational efforts has been spent on regarding the understanding, prediction, and control of the vortex asymmetry. The subject has been reviewed by Hunt [1] , Ericsson and Reding [2] , and Cummings [3] .
Keener et al. [4] measured the forces and moments acting on a cone with a semiapex angle 10 deg at Reynolds numbers based on base diameters ranging from 0.3 × 10 6 to 4.6 × 10 6 and Mach numbers ranging from 0.1 to 0.7 by a force balance in a large subsonic wind tunnel. The cone with a pointed nose experienced large side force at angles of attack between 20 and 75 deg at zero sideslip. The side force changed from side to side as the angle of attack increased and was accompanied by dynamic oscillations. The direction and magnitude of the side force was sensitive to the body geometry near the nose. The maximum side force reached about 0.9 times of the normal force. The angle of attack of onset of side force was about 20 deg and not strongly influenced by Reynolds number or Mach number.
Meng et al. [5] reported that a pressure measurement of a circular cone-cylinder model had been conducted in a low-turbulence 3.0 × 1.6 m low-speed wind tunnel. The semiapex angle of the cone was 10 deg. The results consisted of detailed pressure distributions over nine stations along the cone at angles of attack of 0 ∼ 35 deg, with an increment of 5 deg, Ma 0.09, and Re 0.3 × 10 6 based on the cone base diameter; 40 roll angles in 9 deg intervals were tested. The local and overall forces and moments were calculated from the measured pressures. Three angle-of-attack stages of side force variation with roll angle had been classified in the range of 0 deg ≤ α ≤ 35 deg. Moreover, their results were validated with the measurements for a 20 deg cone, performed by Keener et al. [4] .
In the current work, a Gamma Theta transitional model is adopted to simulate the flowfield around the circular cone-cylinder model from stable to bi-stable regimes. Comparisons are conducted between the computational results and experimental pressure distributions.
II. Experimental Setup
All the experimental results are obtained in the NF-3 wind tunnel at the Aerodynamic Design and Research National Laboratory at Northwestern Polytechnical University. The test section has a 3.0 × 1.6 m cross section and a length of 8.0 m. The freestream turbulence level is 0.045% for wind speeds of 20 ∼ 130 m∕s. The cone-cylinder model is tested at α 0 ∼ 35 deg, U ∞ 10 ∼ 70 m∕s, and Re 0.1 × 10 6 ∼ 0.7 × 10 6 . Although the cases of wind speed from 10 to 70 m∕s have all been studied, only the case of 30 m∕s is presented in this Note. Figure 1 vary with respect to roll angle, and C p;min;ave remains almost constant (equal to −0.85 over the entire range of θ).
III. Numerical Method and Computational Meshes
The computational model of a circular cone cylinder, which has the same size as the experimental model [5] , has been adopted to validate the results produced in the wind tunnel. The difference between the experimental and computational models is that the aft circular cylinder of the computational model extends to the downstream farfield boundary, and it is smoother.
Because the flowfield around a conical forebody is very complex, the meshes in the circumferential direction should be dense enough. The tests for different axial and radical numbers have also been conducted, but the results change little when the flow is symmetric. Four sets of grids of 81 × 121 × 120, 81 × 121× 180, 81 × 121 × 240, and 81 × 121 × 360 (axial × radical× circumferential) have been adopted and denoted as grids 1-4 for brevity. Finally, grid 3 (81 × 121 × 240) is selected to simulate the flow and compare with the experimental results in the subsequent sections. The authors have also constructed refined meshes by adjusting grid spacing along the boundaries, but no apparent difference of numerical solution has been found. The overset grid will be constructed to study the asymmetric flow in the future.
Those four sets of C-O type structured mesh have been constructed in Grid Tools Gridgen [6] by specifying the boundary conditions; number of points; distances into the far-field, initial, and end spacing; and smoothing parameters. The volume grid resolution is shown in Fig. 3 . The grid points are uniformly distributed in the circumferential direction, gradually stretched in the axial direction, and clustered in the radial direction to concentrate near the body surface to capture the viscous flow. The wall normal distance to the first data point corresponds to a y value approximately equal to one. The far-field boundary in the radial direction is 40 times the cylinder radius.
IV. Computational Results
All computational fluid dynamics computations in the present Note have been performed with ANSYS CFX and with the incompressible version of the Reynolds-averaged Navier-Stokes equations, the Spalart-Allmaras (S-A) turbulence model, the shearstress transport (SST) turbulence model, and the Gamma-Theta transition model [7] .
A. Grid Independence and Grid Dependence
The analysis of grid independence has been performed with the shear-stress transport turbulence model. Figure 4a illustrates that the convergent solutions at α 25 deg obtained from the four grids 
deg, the solution is mainly symmetric and unique. It is noted that the computed pressure distributions agree well with the experimental results. Figure 4b describes that the convergent solutions at α 35 deg obtained from the four grids do not coincide. The solutions are nonunique and asymmetric at α 35 deg, and they can be obtained using different computational grids. The grid dependence may be caused by the different truncation errors in the different computational grids. For each of the four solutions at α 35 deg, the average of the computed port and starboard suction peaks is close to −0.8. It is almost equal to that of the experiments, which is about −0.85. Figure 5 the transitional flow region, which is the same as the classification of flow regimes in [8] . Figures 6 and 7 show the computed pressure distributions over the conical forebody for four other stations at α 25 and 35 deg, and U ∞ 30 m∕s using the four flow models. It also proves the better applicability of the Gamma-Theta transitional model than other models to simulate the free transitional flow. Thus, the Gamma-Theta transitional model will be chosen to study the flow in the subsequent sections.
B. Computation of Total-Pressure Coefficient and Axial Vorticity
Figures 8-10 present the computed total-pressure coefficient C p0 and axial vorticity ω x d∕U ∞ distributions over the crossflow plane for station 3 of the conical forebody at α 15, 25, and 35 deg, and U ∞ 30 m∕s. There exists a minimum value for the total-pressure coefficient in each primary vortex core region. It is found that the minimum total-pressure coefficient over the entire crossflow plane is less than that in the vortex cores. The former is hard to find because it is thin and adjacent to the body surface. Similarly, there exists a maximum absolute value for the axial vorticity in each primary vortex core region, and the maximum absolute value over the entire crossflow plane is larger than that in the vortex cores; it is also adjacent to the body surface. Table 1 gives the extreme values of total-pressure coefficients and their coordinates in the vortex core over the crossflow plane for station 3 of the conical forebody, at α 15, 25, and 35 deg, and U ∞ 30 m∕s. C p0;min;p and C p0;min;s denote the minimum C p0 in the port and starboard vortex cores, respectively. Table 2 gives extreme values of the axial vorticity and their coordinates in the vortex core over the crossflow plane for station 3 of the conical forebody at α 15, 25, and 35 deg, and U ∞ 30.
C. Primary, Secondary, and Tertiary Vortices
With a sufficiently dense mesh, the numerical computation has a resolution high enough to find out the tertiary vortex. Figures 11 and  12 give the extreme values of the computed total-pressure coefficient C p0 and axial vorticity ω x d∕U ∞ in the primary, secondary, and tertiary vortices over the crossflow plane for station 3 in the vortex core gets larger from the main vortex to the tertiary vortex by an order of magnitude. However, at α 35 deg and U ∞ 30 m∕s, we can find neither an extreme value of C p0 in both port and starboard secondary vortices, nor an extreme value of ω x d∕U ∞ in the starboard secondary vortex. The reason for this is unknown to the present authors.
D. Conical Flow
Figures 13-15 show the pressure coefficients at different θ, coordinates of primary vortex centers, and primary vortex separation position vs x∕L, respectively, at U ∞ 30 m∕s, α 25, and 35 deg. When α 25 deg, pressure coefficients at θ constant have the same value as x∕L varies. The coordinates of the primary vortex centers and the primary vortex separation position also stay the same at different values of x∕L for the symmetric flow. When α increases to 35 deg, the differences of the pressure coefficients at a certain θ for different x∕L tend to be larger, which is the same for the coordinates of the primary vortex centers and the primary vortex separation position. However, these flow features are approximately conical.
Figures 16 and 17 present the total-pressure coefficient and the normalized axial vorticity, respectively, at primary vortex centers vs x∕L, at U ∞ 30 m∕s, α 15, 20, 25, and 35 deg. They vary significantly with x∕L, and they are not conical at all, which is caused by flow viscosity in the vortex core regions.
V. Conclusions
For flows over a 20 deg circular cone cylinder at an angle of attack up to 35 deg, a speed of 30 m∕s, a Reynolds number based on the forebody base diameter from 0.3 million, and free transition are computed by ANSYS CFX using the C-O type structured mesh.
ig. 14 Coordinates of primary vortex centers vs x∕L at 30 m∕s.
a) α = 25°b) α = 35°F ig. 15 Primary vortex separation position vs x∕L at 30 m∕s.
The flow is computed with four different models: the laminar model, the Spalart-Allmaras turbulence model, the shear-stress-transport turbulence model, and the Gamma-Theta transitional model. The computations depict the following features: 1) For an angle of attack within 25 deg, the flow remains symmetric and grid independence is reached in the computation. For an angle of attack greater than 25 deg, the flow is asymmetric and different grids yield different solutions, i.e., the numerical solutions become grid dependent. The different numerical solutions may be induced by different truncation errors of the different grids. This effect of the grid in the computation is similar to that of the roll angle in the experiment.
2) For asymmetric flow, the averages of the port and starboard minimum pressure coefficients are nearly a constant for different grids and almost equal to that obtained from different roll angles in the experiments. Thus, the numerical solution agrees well with the experiment.
3) For an angle of attack greater than 10 deg, the port and starboard primary vortex cores occur. The total-pressure coefficient has a minimum value in each of them. The minimum total-pressure coefficient decreases as the angle of attack is increased, but it increases as the freestream velocity is increased. The vertical coordinate increases as the angle of attack is increased. Meanwhile, the magnitude (absolute value) of nondimensional axial vorticity has a maximum value in each of the port and starboard primary vortex cores. This magnitude generally decreases as the angle of attack or the freestream velocity is increased. Its position is nearly the same as that of minimum totalpressure coefficient.
4) There exists a tertiary vortex pair besides the primary and secondary vortex pairs over the forebody at angles of attack of 15 ∼ 35 deg and a freestream velocity of 30 m∕s. The extreme values of the total-pressure coefficient and nondimensional axial vorticity in the primary, secondary, and tertiary vortex cores are different.
5) The pressure distribution and the positions of the primary vortex core and its separation over the slender conical forebody are nearly conical at angles of attack up to 35 deg.
6) The extreme value of the axial vorticity in the attached boundary layer over the forebody at a high angle of attack is greater than that in the separated vortex cores by an order of magnitude. The extreme value of the axial vorticity in the tertiary vortex is greater than that in the primary and secondary vortex. The study is limited to the conical forebody without generalization. However, the computational experiences may be applied to nonconical forebodies.
